Abstract The role of intraoperative pathological diagnosis for central nervous system (CNS) tumors is crucial for neurosurgery when determining the surgical procedure. Especially, treatment of carmustine (BCNU) wafers requires a conclusive diagnosis of high-grade glioma proven by intraoperative diagnosis. Recently, we demonstrated the usefulness of rapid immunohistochemistry (R-IHC) that facilitates antigen-antibody reaction under alternative current (AC) electric field in the intraoperative diagnosis of CNS tumors; however, a higher proportion of water and lipid in the brain parenchyma sometimes leads to freezing artifacts, resulting in poor quality of frozen sections. On the other hand, squash smear preparation of CNS tumors for cytology does not affect the frozen artifacts, and the importance of smear preparation is now being re-recognized as being better than that of the tissue sections. In this study, we established the rapid immunocytochemistry (R-ICC) protocol for squash smears of CNS tumors using AC electric field that takes only 22 min, and demonstrated its usefulness for semi-quantitative Ki-67/MIB-1 labeling index and CD 20 by R-ICC for intraoperative diagnosis. R-ICC by AC electric field may become a substantial tool for compensating R-IHC and will be applied for broad antibodies in the future.
Introduction
Intraoperative pathological diagnosis of central nervous system (CNS) tumors is an essential tool for deciding the surgical procedure including details such as resection volume. Intraoperative implantation of carmustine (BCNU) wafers (Gliadel Ò ) after maximal tumor resection has been reported as an effective and safe treatment for high-grade glioma (HGG) [1] . As the implantation of BCNU wafers requires a conclusive diagnosis of HGG proven by intraoperative diagnosis, the rapid and accurate diagnosis is becoming increasingly important. Early studies on intraoperative diagnostic accuracy reported an exceptionally high figure of over 90 % [2, 3] ; however, low sensitivity in rates such as 50 % was also reported by others about glioma grading [4] . The difficulties of intraoperative diagnosis have been reported in distinguishing low-grade glioma (LGG) from gliosis, HGG from LGG, and primary CNS lymphoma (PCNSL) from HGG. Cellularity, nuclear atypia, mitosis and necrosis in tumors are evaluated, but pathologists sometimes face diagnostic difficulties because of the similarity of their morphology in frozen sections. The R-IHC method based on alternating current electric field was developed by Minamiya et al. in 2011 [5] . During the staining process, incubation with primary and secondary antibody is performed under a combination of high-voltage (3.4 kV, offset 2.4 kV) and low-frequency (18 Hz) AC electric field for 5 min that facilitates the antigen-antibody reaction. As R-IHC takes only 30 min, it is able to provide immunohistochemical information in intraoperative pathological diagnosis. We have reported that Ki-67/MIB-1 and CD20 immunostaining in frozen sections by this new R-IHC method is valuable for intraoperative diagnosis for CNS tumors [6] . However, about 5 % of cases provided inadequate results for immunostaining due to the low quality of frozen tissue because of artifacts in our facility. On the other hand, the squash smear tends to maintain the morphology of cells without frozen artifacts and is applicable for small biopsy specimens, bringing effective information to the diagnosis. In the current study, we dedicated ourselves to establishing a reliable protocol for rapid immunocytochemistry (R-ICC) of squash smears of CNS tumors using the new R-IHC method, and evaluated its usefulness for intraoperative diagnosis of CNS tumors.
Materials and methods
CNS tumor specimen preparation for R-ICC, R-IHC and conventional IHC 23 patients with CNS tumors who had undergone intraoperative diagnosis at Hokkaido University were enrolled in the study from May 2014 to March 2015. Intraoperatively, a small volume (1-2 mm 3 ) of tissue was squashed between two slides to prepare smears before embedding in white tissue-coat (UI Kasei, Amagasaki, Japan) and immediately fixed with 95 % ethanol for hematoxylin and eosin (H&E) stain and R-ICC. Preparation of uniform and thin smear of the specimens is very important for R-ICC to avoid cell clustering followed by non-specific staining. The rest of the samples were placed into the cryomold (Sakura Finetek Japan, Tokyo, Japan), and mounted with white tissue-coat, then frozen in liquid nitrogen, referred to as frozen sections. Frozen sections were sliced in thicknesses of 5 lm and stained with H&E stain and R-IHC. Additionally resected tumors were fixed with 10 % neutralized buffered formalin and embedded with paraffin. The formalin-fixed paraffinembedded (FFPE) tissues, referred to as permanent sections, were subjected to H&E stain and conventional IHC. This study was approved by the Medical Ethics Committee of Hokkaido University Graduate School of Medicine.
Establishment of R-ICC protocols
To establish the protocol for R-ICC in CNS tumor squash smears, we performed ICC for Ki67/MIB-1 in several HGG samples using five different protocols ( Table 1) : (1) conventional ICC method (protocol A), (2) R-ICC with antigen retrieval with incubation under AC electric field (protocol B), (3) R-ICC with antigen retrieval without incubation under AC electric field (protocol C), (4) R-ICC without antigen retrieval with incubation under AC electric field (protocol D), and (5) R-ICC without antigen retrieval without incubation under AC electric field (protocol E). Antigen retrieval was performed using Envision FLEX TRS high pH at 97°C for 20 min for conventional ICC and 90°C for 5 min for R-ICC after fixation by 95 % ethanol for 1 min. To examine the utility of AC electric field, the first antibody reaction was done under a combination of high-voltage (3.4 kV, offset 2.4 kV) and low frequency (18 Hz) AC electric field for 5 min using immunohistochemistry system, Histo-tek Ò R-IHC Ò (Sakura Finetek, Tokyo, Japan). The squash smears were washed once with wash buffer and incubated with EnVision FLEX/HRP 
Results

Establishment of R-ICC protocol
As shown in Fig. 1a -e, fine staining was observed in R-ICC by protocol B (Fig. 1b) which is comparative with a b c f e d conventional ICC by protocol A (Fig. 1a) and conventional IHC in permanent section (Fig. 1f) . Protocol A took 81 min, but protocol B was done within 22 min, which is a much shorter time. There was no obvious positive staining by either protocol C, D, or E (Fig. 1c-e) . From these results, we noticed that antigen retrieval and incubation under AC electric field were necessary for rapid and fine staining using squash smears, so we chose the protocol B as the optimal R-ICC method for further study. Of the 23 enrolled cases, 15 cases were glioma, 4 cases were meningioma and 4 cases were PCNSL in the final diagnosis (Table 2) . To evaluate the usefulness of intraoperative R-ICC in CNS tumors, the results were compared to those in both R-IHC in frozen sections and conventional IHC in permanent sections. For Ki-67/MIB-1 indices, almost all of the samples were compatible with those in both R-IHC and IHC in permanent sections. Lower proportion such as 1? in squash smears reflected LGG or meningioma and higher proportion such as 3? in smears reflected HGG or CNSL. Cases 1, 8 and 13 were not determined as HGG or LGG by H&E in frozen sections; however, the Ki-67/MIB-1 labeling index in squash smear was low enough to be compatible with LGG in case 1 (Fig. 2a-e) and high enough to be compatible with HGG in case 8 ( Fig. 2f-j) . In case 13, the Ki-67/MIB-1 labeling index in R-IHC was not evaluated due to its artifact, but a high Ki-67/MIB-1 labeling index was confirmed in R-ICC. In all cases of meningioma, the semi-quantitates of Ki-67/ MIB-1 indices in squash smears were relatively low. Grade II atypical meningioma in cases 18 and 19 showed a little higher Ki-67/MIB-1 indices in R-IHC (Fig. 2k-o) than those in grade I meningothelial meningioma (cases 16 and LGG low-grade glioma, HGG high-grade glioma, PCNSL primary central nervous system lymphoma, NA not available 17). Although the tumors in cases 19-21 and 21 were suspected to be HGG or PCNSL in H&E of frozen sections, high Ki-67/MIB-1 indices and membranous CD20 staining were observed in both R-ICC of squash smear and R-IHC in frozen sections that were compatible with permanent sections. These results provided supportive information for the intraoperative diagnosis of PCNSL (Fig. 2p-t) . As shown in Table 2 , appropriate results of R-IHC were not obtained in one of 23 cases (4 %) due to the failure of sample processing.
Discussion
In this study, we have established a protocol for R-ICC based on AC electric field-facilitated antigen-antibody reaction which brought fine and rapid staining in 22 min. and demonstrated the utility in the intraoperative diagnosis of CNS tumors. Intraoperative diagnosis of CNS tumors is important for the determination of further surgical procedures and treatment plans including the intraoperative implantation of carmustine (BCNU) wafers (Gliadel Ò ). H&E stain of frozen tumor tissue sections constitutes the main diagnostic technique, but the diagnostic accuracy in the intraoperative diagnosis for CNS tumors using frozen sections is not always high, at rates of 50-96 % [2] [3] [4] . The reason for the discrepant diagnosis is partly due to the high content of water as well as fat in fresh brain tumor, and the innately soft nature of brain tumor. The poor quality occurred in frozen sections, which led to diagnostic difficulties. On the other hand, the usefulness of imprint cytology of CNS tumors for intraoperative evaluation was described already in 1927 and squash smears had also been reported as an important additional technique thereafter [7] . Recently, according to the progress in stereotactic biopsy, the technique was re-recognized as a useful tool for tiny biopsy specimens [8, 9] .
R-ICC by microwave-based method for intraoperative peritoneal washing cytology of pancreatic or biliary carcinoma was previously reported [10] . Recently, the usefulness of R-ICC of cytokeratin in touch print of sentinel lymph nodes for evaluating metastasis of breast cancer has been reported [11, 12] . With regard to CNS tumor, ICC of GFAP in squash smears was reported, but as the protocol takes 375 min for staining, it is not suitable for intraoperative diagnosis. Therefore, it is worthwhile to establish the R-ICC protocol using squash smear for intraoperative rapid diagnosis of CNS tumors [13] . We established the R-ICC protocol in squash smears by comparing five different protocols as shown in Table 1 . Antigen retrieval is a necessary step for R-ICC, although it is not needed for R-IHC protocol in frozen sections using the same machine [6] . The most important step for R-ICC is to prepare appropriate squash smears with thin and homogenous lining of cells. R-ICC by AC electric field method facilitates shorter staining time and as fine quality as that by the conventional method. We also confirmed that ready-to-use primary antibodies can be used in this protocol. To examine the usefulness of R-ICC using smear samples by the established protocol, we stained Ki-67/ MIB-1 and/or CD20 in 23 CNS tumors. Although three cases of glioma were difficult to diagnose whether they were low-or high-grade glioma in H&E in frozen sections and squash smears, Ki-67/MIB-1 by R-ICC clearly distinguished them. In four cases of tumor that were not determined as HGG or PCNSL by H&E in frozen sections and squash smears, R-ICC showed clear membranous CD20 staining. As the Ki-67/MIB-1 indices do not always give a clear distinction between grades II and III, the low or high Ki-67/MIB-1 indices provide supplementary information. In addition to Ki-67/MIB-1 and CD20, we have performed both R-ICC and R-IHC for GFAP, Olig2, ATRX, p53, pHH3, and cytokeratin in several cases and obtained good staining results (data not shown). Although mutant IDH1-R132H seems to be difficult for staining by R-IHC, R-ICC might provide supportive evidence to determine the positivity.
In conclusion, we established a protocol for R-ICC of CNS tumor squash smears using a new method which used AC electric field to facilitate antigen-antibody reaction that was accomplished for 22 min and demonstrated the usefulness of R-ICC in squash smears for intraoperative rapid diagnosis in CNS tumors. R-ICC by AC electric field may become a substantial tool for compensating R-IHC and will be applied to broader antibodies for not only CNS tumors but also other cancers in the future.
